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Abstract: In this paper we study a distributed control scheme, achieving current sharing and average
voltage regulation in Direct Current (DC) microgrids. The considered DC microgrid is composed of
several Distributed Generation Units (DGUs) interconnected, through resistive-inductive power lines,
with loads. Each DGU includes a generic energy source that supplies the loads through a DC-DC buck
converter. Remarkably, the proposed control scheme achieves average voltage regulation without the
need of voltage measurements. An experimental validation is performed to assess the capabilities of the
solution in a real network. The initial results are promising and show an additional need to compensate

for partly unknown resistances present at the DGU .

© 2018, IFAC (International Federation of Automatic Control) Hosting by Elsevier Ltd. All rights reserved.

Keywords: DC microgrids, Distributed control, Experimental validation.

1. INTRODUCTION

Recently, there has been a growing interest in the development
of small electricity networks that may operate independently
from the main high voltage grid. These, so-called microgrids
are generally low-voltage networks and comprise various Dis-
tributed Generation Units (DGUs) as well as various loads dis-
persed throughout the network. Since Alternate Current (AC)
has been predominant in electricity networks for many years,
research initially focused on the control of AC microgrids (Cu-
cuzzella et al. (2017a); De Persis and Monshizadeh (2018);
Trip et al. (2014)). However, Direct Current (DC) microgrids
are often more efficient and reliable than their AC counter-
parts (Justo et al. (2013)), because frequency regulation and
reactive power are not needed and lossy DC-AC conversion
stages are avoided (Han et al. (2017)). Typically, voltages in
DC microgrids need to be regulated to be close to their nominal
values, permitting a proper functioning of the various loads in
the network (Cucuzzella et al. (2017b, 2018a); Jeltsema and
Scherpen (2004)). Additionally, current sharing or power shar-
ing is often desirable as it generally results in less stress on the
individual DGUs and causes an overall increase in efficiency
(Setiawan et al. (2016)). Conventionally, hierarchical control
schemes are proposed to achieve both objectives (Guerrero
et al. (2011)), where e.g. voltage setpoints at the converters
are determined to achieve appropriate load sharing. Due to
required scalability and Plug-and-Play capabilities of possible
control schemes, while providing a fast response to changing
loads, there has been a growing interest in the development of

* This work is part of the research programme ENBARK+ with project number
408.urs+.16.005, which is (partly) financed by the Netherlands Organisation
for Scientific Research (NWO). This work is also supported by the EU Project
‘MatchIT” (project number: 82203) and by the Chinese Scholarship Council
(CSO).

distributed controllers, particularly aiming at current (power)
sharing (Anand et al. (2013); Belk et al. (2016); Cucuzzella
et al. (2018b); De Persis et al. (2018); Han et al. (2018, Early
Access); Nasirian et al. (2015); Prajof et al. (2017); Wang et al.
(2018); Zhao and Dorfler (2015)). On the other hand, achieving
simultaneously a form of voltage regulation appears to be more
challenging and provided solutions often rely on simplifying
assumptions. Since current or power sharing generally not per-
mit exact regulation of the voltages towards their desired values,
various alternatives have been investigated. A popular approach
is to regulate instead the average value of voltages across the
whole microgrid towards a global voltage set point. This kind
of voltage regulation is regularly referred to as ‘average voltage
regulation’, ‘global voltage regulation’ or ‘voltage balancing’
(Nasirian et al. (2015)).

1.1 Main contributions

Recently, we have provided a novel distributed control scheme
for average voltage regulation and current sharing in DC micro-
grids (Trip et al. (2018)). Particularly, we have provably shown
that a DC microgrid comprising buck-converters and current
loads, controlled by the proposed control scheme, is asymptot-
ically stable. Notably, average voltage regulation is achieved
without the need of voltage measurements. This work can be
considered as a natural continuation of our efforts, in which
we consider more general models and objectives. Furthermore,
we provide an experimental validation of the proposed control
scheme on a real testbed. We elaborate on a few contributions
below:

1) Although the considered microgrid model is fairly standard,
we provide a concise overview of a microgrid consisting of
various DGUs interfaced with DC-DC buck converters and
loads that consist of constant impedance, current and power

2405-8963 © 2018, IFAC (International Federation of Automatic Control) Hosting by Elsevier Ltd. All rights reserved.
Peer review under responsibility of International Federation of Automatic Control.
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Fig. 1. The considered electrical diagram of a (Kron reduced) DC microgrid composed of two DGUs.

components. To some extend this generality is permitted be-
cause we do not aim here to provide an analytical stability
assessment. Nevertheless, we think the provided exposition will
be insightful and can inspire future research on the stability of
the, possibly nonlinear, network we consider.

2) The proposed control scheme achieves, under the assumption
of asymptotic stability, current and average voltage regulation.
Although, we do not fully analyze the closed loop dynamics,
the underlying rationale of the control scheme is insightful.
Particularly, we emphasize that, in contrast to the common
believe, voltage regulation in DC microgrids is possible without
voltage measurements.

3) The performance of the controlled microgrid is assessed us-
ing experiments, providing promising results. Foremost, current
sharing is achieved very well. Nevertheless, it appears that the
feedforward compensation of the filter resistance is prone to er-
rors, providing incentives to incorporate an additional feedback
loop, to compensate for unmodelled power losses, in future
extensions. Consequently, we stress that experimental valida-
tion of suggested control schemes is an important aspect in the
development of robust and efficient controlled microgrids.

1.2 Outline

The remainder of this paper is organized as follows: In Sec-
tion 2, the microgrid model is presented, while in Section 3
the control problem is formulated. In Section 4, the distributed
control scheme is introduced. In Section 5, the experimental re-
sults are given and discussed. Finally, conclusions are provided
in Section 6.

2. DC MICROGRID MODEL

In this paper we study a typical DC microgrid composed of n;
Distributed Generation Units (DGUs) and n; loads. The various
DGUs and the loads are connected to each other through m
resistive-inductive (RL) power lines. We will denote, without
loss of generality, the set containing all DGUs with V; =
{1,...,n;} and the set containing all loads with V;, = {n; +
1,...,ns+mn;}. In case we do not want to differentiate between
a DGU and a load, we will also refer to them generally as
a ‘node’, of which there are in total n ns + n;. For
the purpose of illustration, a schematic electrical diagram of
the considered DC microgrid with one DGU and one load is
depicted in Fig. 1. In the remainder of this section we will
briefly discuss the mathematical description of the various
components the considered DC microgrid. The descriptions of
the various symbols that will be used are given in Table 1.

Distributed generation units: ~ We first describe the dynam-
ics of a DGU ¢ € V,. The energy source of each DGU is
represented by a DC voltage source that supplies the loads
through a DC-DC buck converter equipped with an output low-
pass filter characterized by its impedance L., capacitance C}

Table 1. Description of the used symbols

State variables

Iy Generated current

Vii DGU voltage

Vi;  Load voltage

Iy Line current
Parameters

Ly; Filter inductance

Cy;  Filter capacitance

Ry;  Filter resistance

Cy;  Load capacitance

Ry Line resistance

Ly Line inductance
Inputs

Uj Control input (converter output voltage)
Loads

Z;;  Impedance

1y; Current

Py; Power

and resistance R;. By exploiting the Kirchhoff’s current (KCL)
and voltage (KVL) laws, the equations describing the dynamic
behaviour of the DGU ¢ € V; are given by

Liilyi = — Ry — Vi +

CoiVii =T — Y _ I,
ke&;
where &; is the set of power lines incident to the DGU i,
while the control input u; represents the buck converter output
voltage ! . We refer to the point where the DGU i € V; connects
to a line k € £ as the Point of Common Coupling (PCC).

Loads: In this work we consider so-called ZIP-loads that
describe loads that can be decomposed into parts representing
a constant impedance (Z;), a constant current (/;) and a con-
stant power (F;). Following again Kirchhoff’s current (KCL)
and voltage (KVL) laws, the equation describing the voltage
dynamics at a load j € V) is given by

>t 5

ke&;

ey

CiiVij = Zi I )

In some circumstances, the capacitance at a load is negligible,
i.e. C’lj ~ 0, such that (2) becomes the algebraic identity

1 Note that u; in (1) can be expressed as d; Vb, where §; is the duty cycle
of the buck 7 and Vp, is the DC voltage source provided by a generic energy
source at DGU 1.
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Vi By
0= Iy — == —1;; — —.
However, for the purpose of exposition we assume in the re-
mainder that the load voltages are described by (2), as it avoids
a cluttered notation and the need of a careful consideration on
the solvability of possible algebraic relations.
Lines:  The current from DGU ¢ to DGU j (or Load j) is
denoted by I and we assume that the lines are resistive and
inductive. Consequently, dynamics of I;, € £ is given by

Lily = (Vi = V;) — RiIy, )
where line £ is incident to node ¢ and node j. Note that we

have dropped at the voltages, with a slight abuse of notation,
the subscripts ¢ and [.

Network: ~ The overall DC power microgrid is represented
by a connected and undirected graph G = (V; U V;, E). The
network topology is described by its corresponding incidence
matrix B € R"*"™. The ends of edge k are arbitrarily labeled
with a + and a —, and the entries of B are given by

+1 if ¢ is the positive end of k

Bir = < —1 if i is the negative end of k

0 otherwise.
Consequently, the overall microgrid system can be written
compactly for nodes ¢ € V; UV as

Lil; = —RI; — Vi +u
Ct‘./;g - It + Btl
Oy = BiI — I, — Z7 'V, — diag(V)) "' P, 5)
; Vi
Ll =-BT
K

Here, V; € R"™ correspond to DGU voltages, whereas V; €
RR™ correspond to load voltages. The matrices B; € R™*™
and B, € R™*™ are obtained by collecting from B the

Bt}. The

|- nr

B,
remaining symbols follow straightforwardly from the node and
line dynamics and are diagonal matrices or vectors of suitable
dimensions.

rows indexed by V; and V; respectively, i.e. B = [

3. PROBLEM FORMULATION

In this section we formulate some common control objectives
in DC microgrids. First, to avoid the overstressing of a DGU
and to improve the generation efficiency, it is generally desired
that the total load within the network is shared among all the
various DGUs proportionally to the generation capacity of their
corresponding energy sources. In the literature generally the
distinction is made between current sharing and power sharing.
Current sharing, on which we will focus in this work, can
be formulated as w;ly; = w;ly; for all i,5 € V;, where a
relatively large value of w; corresponds to a relatively small
generation capacity of DGU ¢ € V;. This leads to the first
control objective concerned with the steady state value ? of the
generated currents I;.

Objective 1a. (Current sharing)
. 7 N
tlgglo I(t) = I, = W14}, ©6)
with W = diag(wy,...,wy,), w; > 0, forall i € V; and i}
any scalar. o

2 Throughout this work we denote the steady state value of a vector z by Z.

Similarly, the desire of power sharing can be formulated as
w; Viilyy = U}j‘/tjftj foralli,j € V.
Objective 1b. (Power sharing)
Jim Vi(t) o I,(t) = P, =W p;, @)
—00

with W = diag(wy, ..., wy, ), w; > 0, for all i € V; and p;}
any scalar. The symbol o denotes the Hadamard product. ¢
Another important objective within DC microgrids is to regu-
late the voltages. Since the voltages at the loads are generally
not available within a possible control scheme, it is common
practice to regulate the voltages at the DGUs close to their
nominal values. This is what we will aim for in this work as
well. To this end, we make the following assumption on the
existence of a desired reference voltage V5 at DGU i € Vy:

Assumption 1. (Desired voltages) There exists a reference
voltage® V% at the Point of Common Coupling (PCC), for all
1€ Vt. <

Generally, achieving Objective la (current sharing) or Objec-
tive 1b (power sharing) does not permit a steady state voltage
Vi = V¥, since a steady state voltage V; = V,* generally
imposes power flows throughout the network that do not meet
the load sharing objectives. For example, in case V;* € R(1,,),
i.e. all reference voltages are identical* among the DGUs, this
would result in zero power flows among DGUSs that are directly
connected to each other. However, there is freedom to shift
all steady state voltages with the same constant value, without
altering the resulting power flows since

Vv Vi+al
T t| _pT|¥t ¢
b El] =b Rﬁaﬂm} ’ ®)

with @ € R any scalar. We therefore aim at an average voltage
regulation, where the weighted average value of V' is identical
to the weighted average value of the desired reference voltages
V;*. Following the standard practise where the sources with the
largest generation capacity determine the grid voltage, we select
a weight of wi for all © € V;, leading to the second objective.

Objective 2. (Average voltage regulation)
Jim LW W) =1 W'V, =1L W'V (9)
o

4. DISTRIBUTED AVERAGING CONTROL

In this section we recall and slightly modify ® the distributed
controller proposed in Trip et al. (2018). First, we make the
following assumption on the available information:

Assumption 2. (Available measurements) The generated cur-
rent I;; is measurable at converter ¢ € ), and the filter resis-
tance Ry; is known. o

We focus on a controller achieving current sharing (see also Re-
mark 2 for required modifications to obtain power sharing). The
considered controller will be provided in an ad-hoc manner for
the sake of exposition. Its underlying rationale will be provided
thereafter. To this end, consider a distributed controller at DGU
1 € V; of the form

3 Often the values for th are chosen identical for all ¢ € V. However, the
control strategy proposed later in this work permits to select also non-identical
values for V5.

4 We denote the range of a matrix with R and 1,, denotes the vector of all-ones
with length n.

5 In contrast to the controller proposed in Trip et al. (2018), we compensate
for a possible filter resistance.
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Tyifh; = — Z Yig(wilyy — wjly;)

jENzom
Tpii = — ¢ + Iy
w = — Ki(Iy; — ¢i) + Ryily

twi Y vi(0i - 0;) + Vi,
JGN;‘Om

where N ™ is the set of DGUs connected to DGU i via a
communication network, with edge weights v;; = v;; € R~o.
The parameters Tp;, Ty;, K; € R permit appropriate tuning
of the transient response. Note that the controller is distributed
as it prescribes the exchange of information on I; and # among
neighbouring DGUs. The overall control scheme can compactly
written for all 7 € V; as

(10)

Tyh = — LW, (11a)
Tpp=—¢+1I (11b)
u = —K(It—¢)+RtIt+W,Ccom0+‘/;*, (11C)

where Ty, Ty, K € R™ " are positive definite diagonal ma-
trices. Furthermore, £°™ = B<™T'(B<™)T is the (weighted)
Laplacian matrix associated to a communication network,
where B is the corresponding incidence matrix and I' €
R™e*"™c ig a positive definite diagonal matrix describing the
weights on the edges. Here, m. is the number of links in the
communication network. To ensure current sharing among all
converters, we make the following assumption on the commun-
ciation network:

Assumption 3. (Communication network) The graph corre-
sponding to the topology of the communication network is
undirected and connected. o

The microgrid (5), interconnected with the distributed con-
troller (11), yields the overall closed-loop system

Lily ==V, — K(I, — ¢) + WL™0 + V;*
Ct‘./; = It + BtI
OV = BiI — I, — Z7 'V, — diag(V}) "' P,
v,

Ll =-B"
5 )

Ty = —L"W I,
Ty = —¢ + 1.

The consensus dynamics (11a) are frequently used in dis-
tributed controller designs aiming at current or power sharing
in microgrids. Indeed, at a steady state of the system, the left-
hand-side of (11a) is zero, and it follows immediately that (pro-
portional) current sharing is achieved since LW I; = 0 im-
plies W1, € R(1,,) (Objective 1a). The dynamics of ¢ given
by (11b) in combination with the additional term —K (I; — ¢)
in the controller output (11c) do not alter the steady state of
the system, since at steady state ¢ = I, holds. However, these
terms turn out to be essential to avoid oscillatory behaviour
(see Trip et al. (2018) for additional details). Finally, the term
Ry + W L™+ V*in (11c¢) is added to the controller output
(11c) to have a suitable interconnection with controller state
0, guaranteeing average voltage regulation at steady state, and
to compensate for the filter resistance. Indeed, notice that after
pre-multiplying both sides of (12) (first line) with ]lgtW’l,
realizing that ¢ = Ty, yields 17 W'V = 17 W~'V* (Ob-
jective 2). ’ 4

} _RI (12)

DGU1  + DGU2 > - DGU3 > - DGU 4
Itl ‘/fl Itz ‘/12 It'd ‘/13 It‘l ‘/14
R Ro Rs Ry
L Lo Ls Ly

Fig. 2. Schematic representation of the experimental setup, consisting of
four DGUs connected to a single load. Although the load is depicted
as a current sink, it represents, depending on the considered scenario,
either a constant impedance load or a constant power load. The dashed
lines represent the communication network, where we have taken for the
weights v;; = 1forall i, j € V;.

Remark 1. (Plug-and-Play) Note that we have not made any

assumptions on the initialization of the microgrid or the con-

troller states. Also, DGU ¢ € V; requires only measurements of
its own generated current /;; and information from DGUs con-
nected via a communication network. It is therefore expected
that the proposed control schemes scales well and suitable for
Plug-and-Play operation. o

Remark 2. (Power sharing) To obtain power sharing instead
of current sharing, we can straightforwardly adjust (10). Par-
ticularly, we can replace the currents Iy; in the first line (10)
with the associated powers Vi, Iy; for all ¢ € V. The resulting
dynamics for 6; consequently becomes

Tp,0; = — Z Yij (Wi Vii Iy — w; Vajlij). (13)
je/\fl(_'()’!n

&

Remark 3. (Stability analysis) In case of a (Kron reduced)
network where the loads are constant current loads, connected
in parallel to the filter capacitors, asymptotic stability of the
DC microgrid controlled by (11) has been proven in Trip
et al. (2018). For the current work, the results from Trip et al.
(2018) can be straightforwardly adapted, as long as the closed
loop system is linear. For networks with constant power loads
or controllers aiming at power sharing, the analysis is more
challenging (see e.g. De Persis et al. (2018)) and provides an
interesting future endeavour. o

5. EXPERIMENTAL VALIDATION

In this section we will present an experimental validation of
the proposed control scheme. Particulalry, we will study the
response of the controlled microgrid under changing loads. We
will consider two scenarios. In the first scenario, the loads
are (piecewise) constant impedances, whereas in the second
scenario the loads consume a (piecewise) constant power. The
experiments were performed at the Intelligent Microgrid Lab-
oratory (Aalborg University, Denmark). A schematic overview
of the experimental setup is provided in Figure 2. Furthermore,
a photo of the actual setup is provided in Figure 3. As one
can notice from Figure 2, the experimental setup consists of
four DGUs connected via lines to a common bus to which also
a single load is connected. The proposed control scheme of
Section 4, is implemented in Simulink®, which is interfaced
with the microgrid via a dSPACE® 1006. An overview of the
electrical and used control parameters are given in Table 2. In
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Fig. 3. A photo taken of the experimental setup.

Table 2. Electrical and controller parameters

DGU 1 2 3 4
| V) 120.0 120.0 120.0 120.0
Ly; (mH) 1.8 1.8 1.8 1.8
Cy; (mF) 2.2 2.2 2.2 2.2
Ry; Q) 0.1 0.1 0.1 0.1
Line 1 2 3 4
Ry, Q) 1.9 1.3 0.4 1.6
Ly (mH) 1.2 1.5 1.2 1.7
Controller 1 2 3 4
K; 0.5 0.5 0.5 0.5
Ty; 0.1 0.1 0.1 0.1
Toi 1 1 1 1
w; 2 2 4 4

the remainder of this section, we discuss the two aforemen-
tioned scenarios, of a connected constant impedance load and
of a connected constant power load. Note that the experiments
within both scenarios are performed with identical controller
parameters and that the topology of the communication network
differs from the topology of the microgrid.

5.1 Constant impedance loads

In this scenario the system is initially at steady state with an
impedance load of 20Q. After 7.3 seconds, the load is de-
creased to 10Q), whereafter the load is increased again to 20Q
after 13.8 seconds. From Figure 4, it is clear the the proposed
control scheme accurately achieves proportional current shar-
ing and that the voltages remain around the nominal value of
120V.

5.2 Constant power loads

In this scenario the system is initially at steady state with a
power load of 600W. After approximately 7.7 seconds, the load
is increased to 1200W, whereafter the load is decreased again
to 600W after 14.8 seconds. Also from Figure 5, it is clear the
the proposed control scheme accurately achieves proportional
current sharing and that the voltages remain around the nominal
value of 120V.

5.3 Discussion

From the experimental results we can conclude that the pro-
posed control scheme achieves the objective of current shar-

S
t
£
3
o2
1
o4 2 3 4 5 6 7 & 8 10 11 12 13 14 15 16 17 18 18 20
Time (g}
A
4
T 3
t
£
5
o 2
B S S
0
r.o 71 T2 73 T4 7.5 76 77 1.8 78 8.0
Time (s}
120
19
118
"7
< 18
o
g "
= 14
M3
12
111
110

o1 2 3 4 5 & 7 88 & 10 11 12 13 14 15 168 17T 18 18

Time ()

Fig . 4. Generated currents I; and voltages V; in case the load is a (piecewise)
constant impedance load. The four different colours represent the four
DGUs (see also Figure 2). Note that the middle plot zooms in at the
currents, around the time when the load resistance is reduced.

ing well. And although it is remarkable that the voltages are
regulated close to 120V without any voltage measurements,
one can still notice from Figure 4 and Figure 5, that Objec-
tive 2 (average voltage regulation) is not properly achieved.
This can be explained by that the feedforward compensation
of the filter resistance is not sufficient and that, most likely,
some additional resistances are present, possibly due to high
frequency effects. Indeed, if we would consider an additional
resistance R; in series with I;, one can observe that at a steady
state 17 W=V, = 17 W='Vr — 17 W R, 1, holds, i..
the weighted average steady state voltage becomes lower than
desired value if the generated currents become larger. This is
precisely what can be seen in Figure 4 and Figure 5. We argue
that therefore either the resistances need to be known more
accurately, in order to permit a proper feedforward compensa-
tion, or that an additional control loop needs to be developed to
compensate for the observed offset in the voltages. This is the
subject of an ongoing research.
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Fig. 5. Generated currents I3 and voltages V; in case the load is a (piecewise)
constant power load. The four different colours represent the four DGUs
(see also Figure 2).

6. CONCLUSIONS

In this work, we have discussed a distributed control scheme to
obtain proportional current sharing and average voltage regula-
tion in DC microgrids. Notably, the suggested controller does
not require voltage measurements. An experimental validation
is performed to assess the capabilities of the solution in a
real network. The initial results are promising and show an
additional need to compensate for partly unknown resistances
present at the DGUs. Interesting future research includes a
stability analysis of various nonlinear realizations of the con-
sidered model. Furthermore, allowing for different converter
types, such as boost converters (Cucuzzella et al. (2018a); Jelt-
sema and Scherpen (2004)), is a meaningful future endeavor.
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